The goal of this study was to assess the responses of fathead minnows (FHM) exposed to known endocrine-disrupting substances (EDS) in our labs. As well, we wanted to examine the applicability and sensitivity of the full lifecycle FHM test for use on-site, exposing fish to a complex environmentally relevant Canadian effluent. Fathead minnows exposed from the egg stage to ethinylestradiol (EE2, 0-32 ng/L) or methyltestosterone (MT, 0-3200 ng/L) had decreased growth (length, weight) at high concentrations. Development of secondary sex characteristics was a sensitive indicator of exposure to androgen and estrogen. Fish exposed to MT showed premature male sex characteristics such as nuptial tubercles by 30 days post-hatch (dph). These changes were more dramatic in older fish (at 60 and 90 dph), which showed premature male sex characteristics at very low MT concentrations (100 ng/L). Fish exposed to 3.2 ng/L EE2 had premature development of ovipositors at 60 dph. As well, exposure to very high MT concentrations (1000 and 3200 ng/L) caused development of ovipositors after 60 days (but not at 20 and 30 dph), presumably due to aromatization of MT to methylestradiol (as suggested by other researchers). The fathead minnow lifecycle assay, tested with a known estrogen and androgen, proved to be useful for detection of EDS-related changes caused by a real-life effluent mixture. Lifecycle exposures of fathead minnow eggs to bleached sulphite mill effluent (BSME) showed changes in secondary sex characteristics and growth. In contrast to EE2 and MT, fish exposed to BSME had increased growth. Changes in secondary sex characteristics of fish were seen in both male and female minnows exposed to BSME, but there was an overall shift towards increasing numbers of female fish (based on external sex). The full lifecycle assay provides a definitive test for reproductive/EDS effects, and it appears that some of the most sensitive endpoints we studied were the premature development of secondary sex characteristics.
Introduction
To address public concern over human and wildlife exposure to endocrine-disrupting substances (EDS), the Organization for Economic Cooperation and Development (OECD) and United States Environmental Protection Agency (U.S. EPA) have formed groups specifically to develop tests for detecting endocrine-disrupting and reproductive effects of chemicals. Test organisms are selected to represent diverse classes of vertebrates, and bioassays are set up in a tiered arrangement, moving from short-term, simpler, receptor-based tests in Tier 1, to longer-term more complex exposures with reproductive endpoints in Tier 2. Chemicals undergo screening in Tier 1, and then move on to Tier 2 if necessary (OECD 1997 (OECD , 1999 Ankley et al. 1998; EDSTAC 1998) .
The screening (Tier 1) tests in fish may include a 14-to 21-day shortterm fish exposure, examining endpoints such as gonadosomatic index (GSI), vitellogenin (Vg) and gonadal histopathology (such as the tests described in Folmar et al. 2000 and Panter et al. 2002) . The fish gonadal recrudescence assay has been proposed by the U.S. EPA Endocrine Disruptor Screening and Testing Advisory Committee (EDSTAC 1998). As well, there is interest in a short-term 21-to 42-day reproductive screen with secondary sex characteristics and GSI, egg-laying, fertilization, hatchability, Vg, sex steroids, behaviour, and gonadal histopathology as endpoints (Harries at al. 2000; ). The OECD is considering both the 14-to 21-day short-term fish exposure and the 21-to 42-day reproductive screen for development and standardization (OECD 1999 (OECD , 2000a reviewed in Parrott et al. 2001) . The short-term fathead minnow reproductive screen has the advantages of time and cost savings compared to the full lifecycle exposures, but it is possible there will be lowered sensitivity to EDS with the short-term assay that exposes only mature adults, rather than the full lifecycle (that exposes egg to adult fish stages).
A full lifecycle reproductive fish test is definitive for Tier 2 testing, but it is difficult to assess which endpoints will be the most sensitive to the effects of EDS. If we knew which EDS-related effects manifest first, there may be ways to simplify the full lifecycle fish test to a predictive and sensitive shorter test. Several factors have to be assessed including age of the fish (whether to expose eggs, larval stages, juveniles or adults) and selection of endpoints (biomarker-type endpoint such as vitellogenin or spiggin, sex steroids, secondary sex characteristics, reproduction and behaviour, or histopathological changes in reproductive tissues) (Ankley et al. 1998; OECD 2000a,b,c) .
The highest priority identified at a Canadian EDS workshop (Establishing a National Agenda on the Scientific Assessment of Endocrine Disrupting Substances, February 13-17, 2000, Ontario, Canada) was to assess EDS tests for their ability to detect adverse effects in the Canadian environment (Servos et al. 2001) . This paper overviews some of the responses of fathead minnows (FHM) exposed to known EDS in our labs and examines the applicability and sensitivity of the full lifecycle FHM test when applied on-site to a complex environmentally relevant Canadian effluent.
We assessed the fathead minnow full lifecycle test for sensitivity to known estrogen (ethinylestradiol, EE2) and androgen (methyltestosterone, MT), to determine the early (30-80 day) indicators of estrogenicity and androgenicity, and the most sensitive endpoints in our lab setting. We want-ed to assess potential early indicators of feminization, such as early ovipositor development. Ethinylestradiol (EE2) has been previously shown to decrease growth, reproduction, and male sex characteristics in lifecycle exposures of fathead minnows (Länge et al. 2001) . In short-term exposures, EE2 induced vitellogenin in FHM (Panter et al. 2002) and sheepshead minnows (Cyprinodon variegatus) (Folmar et al. 2001) , and longer (60 day) exposures caused sex-reversal, and testicular fibrosis (Zillioux et al. 2001) . In these studies there were no reports of altered secondary sex characteristics in females, or early "feminization" responses in the fish.
Methyltestosterone (MT) has been shown to alter zebrafish sex ratios (increased number of male fish) after 40-day exposures or lifecycle exposures (Örn et al. 2000) . However, to our knowledge, the effects of MT on FHM exposed for a full lifecycle are unknown. MT decreased breeding in short-term (21-day) exposures of adult FHM. Fish also had reduced sex steroids and gonad weight, and female FHM showed nuptial tubercles (a male sex characteristic) ). Short-term exposures of juvenile FHM caused induction of vitellogenin (Zerulla et al. 2002) .
After assessment of EE2 and MT, we tested a pulp mill effluent that contained a mixture of weak endocrine-disrupting substances. Various pulp mill effluents have been assessed using lifecycle exposures of fathead minnows (Robinson 1994; Kovacs et al. 1995a Kovacs et al. ,b, 1996 Borton et al. 1997 Borton et al. , 2000 NCASI 2000a,b; Parrott et al. 2000b) . We wanted to assess this particular bleached sulphite mill effluent (BSME), as we suspected that it may contain EDS based on results of previous studies: wild fish captured in the effluent had altered gonadosomatic indices (BAR Environmental Inc. 1998) , and the final effluent had been shown to reduce circulating testosterone in goldfish after 21-day exposures (Parrott et al. 2000a ).
The growth, development and reproduction of fathead minnows were determined after exposure to EE2, MT or BSME. Fathead minnows were sampled between 20 and 125 days post-hatch (dph), and growth and reproductive endpoints were assessed as exposure times progressed. We found that growth was increased in FHM exposed to the BSM effluent. The most sensitive indicators of exposure that we found were male secondary sex characteristic index, and female ovipositor index.
Methods

Ethinylestradiol and Methyltestosterone Flow-Through Exposures in the Lab
Exposure to ethinylestradiol (EE2) and methyltestosterone (MT) was accomplished with a Mount-Brung type diluter. Concentrations were 0, 0.32, 1.0, 3.2, 10 and 32 ng/L EE2, and 0, 32, 100, 320, 1000 and 3200 ng/L MT. Ethanol control contained the diluent of the highest EE2 or MT concentration (0.001 mL ethanol/L, or 0.0001%). Flow rate was 100 mL/4.5 min into an 8-L volume (2.7 tank volumes per day). Dissolved oxygen, temperature and pH were monitored in tanks, and were 7.71 ± 0.47 (mean ± s.d.), 24.2 ± 0.73, and 8.01 ± 0.15, respectively (n = 336). Concentrations of EE2 and MT are reported as nominal concentrations. Based on our preliminary measurements of water concentrations and on observations of others (Folmar et al. 2000; Länge et al. 2001; Zillioux et al. 2001 ) and the characteristics of these synthetic steroids, we expect actual concentrations of EE2 and MT to be about 70% of the nominal concentrations reported here.
Pulp Mill Effluent Flow-Through Exposures On-Site
For the effluent exposures, a flow-through bioassay trailer was constructed, housing 24 aquaria (three reps of eight 35-L aquaria) in a temperature-controlled room. A diluter system delivered final effluent and dilution water (sand filtered, UV sterilized Saint John River water) to aquaria, based on a timed-release system. Temperature was controlled by chillers and heaters that cooled the effluent and warmed Saint John River water. As well, the trailer air temperature was maintained at 25°C. Photoperiod was set at 16 h light:8 h dark for the duration of the 125-day lifecycle assay.
Six final effluent exposure concentrations (1, 3.2, 10, 32, 49 and 100%), as well as control aquaria (100% Saint John River water) were set up with three replicate aquaria for each treatment. Aquaria were divided into two compartments. Exposure solution replacement was about four volumes per day. Aquaria were covered with Plexiglas, and exposure solutions were aerated to maintain dissolved oxygen above 80% saturation.
Fathead Minnows
Fathead minnow eggs (Aquatic Research Organisms, New Hampshire, U.S.A.) were rolled from tiles, pooled, individually assessed for viability, and placed in plastic, Nitex screened-bottomed hatching cups (30 eggs per cup, 2-4 cups per tank) in exposure aquaria. Over the next 4 days, newly hatched larvae were counted daily, removed from hatching cups and placed in aquaria. Larvae were fed twice daily with newly hatched brine shrimp. After 30 days, juveniles were fed a melted slurry of previously frozen brine shrimp.
Fish Sampling
At 30 dph fish were culled to 120 per treatment (3 reps of 40 fish), and at 60 dph, fish were culled to 72 per treatment (3 reps of 24 fish). For the 30-and 60-dph sampling, fish were randomly removed from aquaria and anaesthetized with a clove oil solution. Fish were examined for abnormalities, weighed and measured. Ovipositor index was used to grade the size of the ovipositor on each fish sampled (0 = none, 1 = small, 2 = medium, 3 = large and 4 = huge).
After 125 days, fish were examined and sexed externally using a maturity scale that examined secondary sex characteristics. Female characteristics were evaluated by the size of the ovipositor (see above). Male characteristics were evaluated by assessing banding strength (0-3 points), nuptial tubercles (1 point), head pad (1 point) and dorsal fin dot (1 point). Points for secondary sex characteristics were summed to give an overall index (male index, or ovipositor index). Fish lengths and weights were taken. Approximately two-thirds of the fish were dissected and sexed internally. Liver weight, gonad weight, and carcass weight were taken. The remaining fish were placed whole in Formalin solution for later histopathology.
Statistical Analysis
All statistical analyses were done on SYSTAT (Version 7.0, Evanston, Illinois). Non-parametric analysis was used to compare ranked fish data (length, weight, etc.) to controls. The Kolmogorov-Smirnov test assessed for probabilities of differences among tanks. Individual fish data were used for the analysis, rather than tank means. The Kolmogorov-Smirnov non-parametric test was used to assess differences among subjective ratings of ovipositor index and male secondary sex characteristic index.
Results and Discussion
Fathead minnow lifecycle tests have been used to assess the effects of endocrine-disrupting substances (EDS; Länge et al. 2001 ) and complex pulp mill effluents (Robinson 1994; Kovacs et al. 1995a Kovacs et al. ,b, 1996 Borton et al. 1997 Borton et al. , 2000 NCASI 2000a,b; Parrott et al. 2000b) . In the present work we compared some fathead minnow responses to the synthetic estrogen ethinylestradiol (EE2) and the synthetic androgen methyltestosterone (MT), and to a complex bleached sulphite mill effluent (BSME).
Survival and Growth
Fathead minnow eggs and larvae were successfully hatched and reared in all EE2, MT and BSME treatments, with the exception of the 100% final BSME treatment, which caused almost 100% mortality at hatching.
Growth of fish exposed to EE2 and MT was reduced at the highest exposure concentrations. As experiments progressed over time, growth reductions became significant in the lower exposure concentrations. Growth of fish exposed to 32 ng/L EE2 was reduced at 60 days post-hatch (dph) but not at 30 dph (Fig. 1) . We found the growth endpoints (length, weight, condition) were not as sensitive as reported by other researchers examining the effects of EE2. Länge et al. (2001) saw significantly reduced length and weight at 56 dph in FHM exposed from egg stage to 4 ng EE2/L and above.
Growth of fish exposed to MT was reduced in the highest exposure concentrations (3200 ng MT/L) at 30 dph. By 60 and 80 dph, fish exposed to 1000 ng MT/L and above showed significantly reduced growth (Fig. 2) . Örn et al. (2000) saw MT-related mortality and deformations in zebrafish exposed to 50 and 100 µg/L, but reported no changes in growth of fish exposed to lower MT concentrations (0.1 to 10 µg/L).
Exposure to the complex mixture of compounds in BSME increased growth of fathead minnows. Unlike EE2-and MT-exposed fathead minnows, fish exposed to BSME had increased length, weight and condition at most exposure concentrations. This was similar to a three-month fathead minnow BSME exposure conducted the previous year (Parrott et al. 2000b) . Growth-enhancing effects of BSME were seen at 30, 60 and 125 dph. At 30 and 60 dph, minnows exposed to effluent had increased length, weight and condition. At maturity, both male and female fish had significantly higher condition factors (Fig. 3) with exposure to 10% BSME and above. These growth-enhancing effects have been seen in long-term exposures of fathead minnows (NCASI 2000a) and mosquitofish (Drysdale and Bortone 1989) to bleached kraft mill effluents (BKME) and are commonly seen in wild fish exposed to pulp mill effluents in many studies in Canada and Scandinavia (reviewed in Sandström 1996) .
Ovipositor Development
Premature development of ovipositors in juvenile (mixed-sex) fish, increased length of ovipositors, and development of ovipositors in mature male fish were sensitive indicators of estrogenic effects in the fathead minnow lifecycle tests.
Fish exposed to EE2 showed premature ovipositor development. There was no evidence of ovipositor development in control or EE2-exposed fish sampled at 30 dph (Fig. 4) . Normally at 60 dph, juvenile fathead minnows are just beginning to show signs of sexual maturity (although at the 60 dph sampling we did not separate the fish by sex, as this must be done via histology). At 60 dph, 60 to 70% of control and solvent-exposed fish had no ovipositor, and the remaining fish had small ovipositors, an indication of the beginning of secondary sexual character- Fig. 3 . Condition factor (125 days post-hatch; error bars show standard error) of fathead minnows exposed from the egg stage to bleached sulphite mill effluent (BSME). Significant differences (p < 0.05) from control fish (exposed to Saint John River water) are indicated by asterisks. For the 100% BSME treatment, CF had n = 5 (all female), as this treatment caused nearly 100% mortality of larval fish at hatch. istics in normal female fathead minnows. However, at 60 dph, EE2-exposed fish had premature and greater display of female sex characteristics: most (75%) of the fish exposed to 1 ng EE2/L had small ovipositors. Significant differences in the number of fish with ovipositors were seen at EE2 concentrations of 3.2 ng/L and above, where over 90% of the fish had developed an ovipositor that was graded as small (OVI Index = 1) or medium (OVI Index = 2) (Fig. 4) . At EE2 concentrations of 10 and 32 ng/L, almost all fish had developed medium-sized ovipositors by 60 dph, indicating complete feminization. The increased ovipositor size that we saw after a 60-day exposure occurred at slightly lower EE2 concentrations than testes-ova and Vg-induction reported by other researchers. The lowest observed effect concentration (LOEC) for testes-ova induction sheepshead minnows exposed for 60 days was 20 ng EE2/L (Zillioux et al. 2001 ) and the threshold concentration for the induction of vitellogenin in sheepshead minnows exposed for 16 days was 10 ng EE2/L (Folmar et al. 2000) .
Exposure to very high MT concentrations (1000 and 3200 ng/L) caused development of ovipositors after 60 days (but not at 20 and 30 dph). At 60 dph, ovipositors (graded as OVI index of 1, small) were present in half of fish (1000 ng/L) or all of the fish (3200 ng/L) that showed dorsal fin dot and tubercles (male index of 2). This paradoxical feminization by an androgen has been seen previously. Methyltestosterone caused induction of vitellogenin (a female egg-yolk precursor protein) in fathead minnows Hornung et al. 2001 ) and zebrafish (Petersen Fig. 4 . Percentage of fish with no ovipositor (none), a small ovipositor, or a mediumsized ovipositor, after exposure to ethinylestradiol (EE2), water or ethanol (eth, 0.0001%) from the egg stage. Fish were sampled at 60 days post-hatch (dph; juvenile stage) and were not sexed. Significant differences from control fish (water) are indicated by asterisks, with p values shown. et al. 2000). Zebrafish exposed to very high MT concentrations (10 and 50 µg/L) were predominantly female, while lower MT exposures (0.1 and 1.0 µg/L) produced more male fish (Örn et al. 2000) . Piferrer et al. (1993) suggested that the feminization resulted from MT being used as a substrate by aromatase enzymes (that normally convert testosterone to estradiol). This can occur during very long or very high MT exposures, and results in feminization of fish or female sex characteristics in male fish. Recently, Zerulla et al. (2002) have shown that co-administration of the aromatase inhibitor, fadrozole, prevented the feminizing effects of MT (vitellogenin induction) in fathead minnows. The aromatization of MT to methylestradiol (or to other estrogenic derivatives) suggests this compound may not be the best choice as a "model androgen."
Exposure to BSME caused premature development of ovipositors in juvenile fathead minnows, and development of ovipositors in mature male fathead minnows. At 30 and 60 dph, no fish in control aquaria had evidence of ovipositors, as secondary sexual characteristics had not begun to develop. However, fathead minnows exposed to 32 and 48% BSME for 60 days had ovipositor (OVI) indices of 1.2 to 1.3, which were significantly greater than control fish OVI index of 0. At maturity (when fish could be sexed), many of the males exposed to BSME had developed ovipositors: 18% of the males exposed to 3.2% BSME, 25% of males exposed to 10% BSME, and 47% of males exposed to 32% BSME had ovipositors. This is the first report of premature ovipositor development in juvenile fish and ovipositor development in male fish exposed to pulp mill effluents (PME) that we are aware of. There are reports of alterations in secondary sex characteristics of fish exposed to pulp mill effluents, but these changes are usually described as a delay in the development of sex characteristics, or as an overt masculinization of the fish (rather than a feminization of the secondary sex characteristic, ovipositor size, that we report). NCASI (2000a) saw a delay in the development of secondary sex characteristics of fathead minnows exposed to a bleached kraft mill effluent. Wild white sucker captured downstream of PME discharges showed decreased secondary sex characteristics (fewer nuptial tubercles in male fish; McMaster et al. 1991) . Increased age at maturity was common in wild fish captured at Canadian and Scandinavian pulp mill sites (reviewed in Sandström 1996) . Alteration in secondary sex characteristics (masculinization) has been seen in mosquitofish exposed to pulp mill effluents, see discussion below.
Male Secondary Sex Characteristics
Exposure to EE2 (1 ng/L) reduced male secondary sex characteristic index of male fish to about 1.7 (compared to 3.1 in control fish). The Male Sex Index is a sum of the male characteristics of each fish (1 point for each of: nuptial tubercles, dorsal fatpad, dorsal fin dot, and 1, 2 or 3 points for banding strength, with 6 points maximum for full male minnow with all secondary sex characteristics). Higher EE2 exposures (3.2 to 32 ng/L) completely feminized the fish externally, and no male fish were present to be graded. Similarly, Länge et al. (2001) found that male fathead minnows exposed for a lifecycle to 4.0 ng EE2/L failed to develop normal secondary sexual characteristics.
For MT-exposed fish, the most sensitive early indicator of androgen exposure that we examined was premature development of male secondary sex characteristics in juvenile fish (mixed-sex fish that were not sexed). This occurred somewhere between 20 dph (where no differences in male index were seen) and 30 dph. The premature masculinization followed a specific pattern: fish first developed dorsal fin dots and then nuptial tubercles, and finally dorsal pads. Vertical banding was the final male characteristic to develop, and only in some male fish (the dominant males of the tank). Male sex index was significantly greater in fish exposed to even the lowest concentrations of MT (32 ng/L) at 30 dph (mixed-sex, juvenile fish). Differences in male sex index with MT exposure were even more pronounced at 60 and 80 dph, when there were only a few fish without male secondary sex characteristics. In contrast to MT exposure, control and ethanol-exposed fish showed few or no male secondary sex characteristics, even up to 80 dph. Development of male sexual characteristics has been seen with 3-week exposures of fish to synthetic androgens. Adult female fathead minnows developed nuptial tubercles after short exposures to very high concentrations (200 µg/L) of methyltestosterone . Juvenile zebrafish were masculinized after exposure to 100 or 1000 ng MT/L for 4 weeks (Örn et al. 2000) or exposure to 26 ng/L and above for 40 days . In the present study, most juvenile fathead minnows were showing some sign of masculinization by 30 dph, at exposures of 32 ng/L. This is similar to the lowest concentration (26 ng MT/L) causing masculinization of zebrafish.
Bleached sulphite mill effluent exposure caused some female fathead minnows to show male secondary sex characteristics. At maturity, 7, 12 and 42% of females from 1, 3 and 10% BSME treatments (respectively) had nuptial tubercles. Females developed either nuptial tubercles alone or both tubercles and dorsal fin dots. Masculinization was seen in other studies of fathead minnows exposed to 2.5% bleached kraft mill effluent (BKME; Kovacs et al. 1995b ), but not in fish exposed to final effluent from a thermo-mechanical pulp mill (Kovacs et al. 1995a) . Masculinization has been reported in mosquitofish exposed to BKME (Drysdale and Bortone 1989; Cody and Bortone 1997; Ellis et al. 2000) . Recently, these effects have been attributed to androgen agonists, as evidenced by binding of compounds to human androgen receptor and by activation of downstream luciferase genes in transfected CV-1 cells exposed to water from the river receiving the BKME (Parks et al. 2001) .
In this study, alterations in secondary sex characteristics were one of the most sensitive reproductive endpoints that we examined in fathead minnows exposed to EE2, MT and BSME. Similarly, other investigators examining complex effluent mixtures have used fish secondary sex characteristics as sensitive EDS-related endpoints. Hemming et al. (2001) , saw decreases in secondary sex characteristics, tubercle numbers and fatpad (dorsal pad) thickness in adult male FHM caged in sewage treatment lagoons for 3 weeks. Increased length of the anal fin (a male secondary sex characteristic) in female mosquitofish from a river receiving BKME in Florida has been reported for over a decade (Bortone et al. 1989; Drysdale and Bortone 1989; Cody and Bortone 1997) .
External Sex Ratios
Fathead minnow lifecycle exposures to synthetic estrogen and androgen produced the expected results; fish exposed to EE2 were feminized and fish exposed to MT were masculinized. Fathead minnows exposed to EE2 from the egg stage were completely feminized at concentrations of 3.2 ng/L and above. Fathead minnows exposed to MT were completely masculinized (based on external secondary sex characteristics) at concentrations of 32 ng/L and above.
Fathead minnows exposed to BSME had external sex characteristics skewed towards females. In each treatment, 72 fish (3 reps of 24 fish) remained after the cull at 60 days post-hatch. At 125 dph there were 35 male and 30 female fish in the control group (Saint John River water). The numbers of female fish increased with exposure to BSME. Externally determined sex ratios were skewed towards females in high BSME treatments (Fig. 6) . The proportion of males at 48% BSME should be viewed with caution, as only 49 of 72 fish survived this treatment. Survival was very poor at 100% BSME: only 5 fish survived (all females).
The increasing number of externally female fish is different from most other research that shows pulp mill effluents cause masculinization of fish. However, we are aware of one report that saw feminization (increased whole-body vitellogenin concentrations) of zebrafish exposed to 50% pulp mill effluent for 38 days (Örn et al. 2001) . Masculinization is more commonly observed, when changes in sexual characteristics have been reported in fish exposed to pulp mill effluents. Increasing proportion of male fish has been seen in fathead minnows exposed for a lifecycle to bleached kraft mill effluent (Kovacs et al. 1995) , and in juvenile zebrafish exposed to 10 to 50% pulp mill effluent for 28 days (Örn et al. 2001) . Increased proportions of male embryos/larvae were seen in viviparous eelpout (Zoarces viviparus) captured near a Swedish kraft pulp mill (Larsson et al. 2000) . Masculinization of BKME-exposed female mosquitofish has been found over many years of study in Florida (Bortone et al. 1989; Drysdale and Bortone 1989; Cody and Bortone 1989; Parks et al. 2001) . The masculinization (increased length of specific anal fin rays) could be imitated by exposure of mosquitofish to Mycobacterium degradation products of plant sterols (stigmastanol and B-sitosterol/campesterol mixtures) (Denton et al. 1985; Howell and Denton 1989) . Jenkins et al. (2001) have isolated androstenedione in the most potent androgen receptor-(AR-) binding fractions of the Florida river that receives the paper mill effluent.
In the current study, there were paradoxical changes in sex characteristics of the fish exposed to BSME, with female fish having male sex characteristics, and male fish having ovipositors. We do not know at this time the identities of the active compounds causing these feminization and masculinization responses in FHM. Detailed investigations of fractions of this particular BSME have found compounds that bind to fish estrogen receptors (ER) and androgen receptors (AR) (Hewitt et al., submitted for publication) . This has been seen previously: fractions of a bleached kraft mill effluent contained compounds that bound to both ER and AR (Hewitt et al. 2000) . It is probable that these pulp mill effluents contain a mixture of chemicals that act through multiple receptor sites in hormone messaging systems, which may result in both feminization and masculinization. We are continuing our fathead minnow exposures, to repeat and describe fully the progression of the sex changes seen, and to examine the potential reproductive effects in fish exhibiting these feminized and masculinized sex characteristics.
Conclusions
We assessed the responses of fathead minnows (FHM) exposed to known endocrine-disrupting substances (EDS) in our labs. As well, we examined the applicability and sensitivity of the full lifecycle FHM test for use on-site, exposing fish to a complex environmentally relevant Canadian effluent. Growth was decreased by exposure to ethinylestradiol (EE2) and methyltestosterone (MT), but stimulated by exposure to bleached sulphite mill effluent (BSME). Sensitive EDS-specific endpoints studied in our labs were the premature development of female characteristics (ovipositors) and male characteristics (tubercles, dorsal fin dot). Fathead minnows exposed to BSME had altered sex ratios (based on external sex), with a general decrease in male fish at high effluent concentrations. Exposure to BSME caused changes in female and male sex characteristics, with both apparent feminization and masculinization. It is hoped that more detailed studies of the minnows, and estrogen and androgen receptor binding studies of effluent fractions may shed light on the complex interactions of chemicals in the effluent, their effects on fish sex characteristics, and their potential effects on fathead minnow reproduction.
